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bstract
Neutron tomography is a very powerful technique for the nondestructive evaluation of heavy industrial components as well as
or soft hydrogenous materials enclosed in heavy metals, which are usually difficult to image using X-rays. It has found a variety
f applications in medicine, agriculture and other heavy industries. In our effort to use this technique for non-destructive testing, a
rocess has begun to upgrade the neutron radiography facility from static-based film (Nitrocellulose film and Agfa Structurix D7
hotographic film) neutron radiography into a dynamic neutron radiography/tomography system by using scintillation screens (ZnS
Ag)-6LiF) and a CCD-camera.
Several experiments have been performed on this experimental station to study the feasibility of neutron tomography for various
pplications.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Neutron imaging techniques are important tools to
nvestigate the internal structure of objects. The char-
cteristics of neutron–matter interactions enable the
isualization of hydrogen rich substances, even when
hese are surrounded by metallic layers that would render∗ Corresponding author. Tel.: +20 1113695425.
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ing techniques have found applications in technological
fields, such as the automotive, nuclear and aerospace
industries, as well as in medicine, archaeology, biology
and geology [1–3] (Fig. 1).
A neutron image is obtained by irradiating the object
in a uniform neutron beam and recording the inten-
sity transmitted by the object. Several solutions have
been used for image recording: X-ray films and track-
etch foils associated with converter screens (gadolinium,
dysprosium and boron), neutron scintillators coupled to
charge coupled device (CCD) video cameras and neutronbehalf of Taibah University. This is an open access article under the
imaging plates.
Neutron computed tomography can be used to obtain
important 3-D information about an object’s internal
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n of X-Fig. 1. Qualitative representatio
structure and material properties that other traditional
methods cannot provide. Typically, a neutron computed
tomography system consists of a neutron source with
a collimator, a sample rotation device, a 2-D neutron
imaging system and a motion control system (which syn-
chronizes the sample rotation with the imaging system).
A computer to capture, store and reconstruct the 3-D
images is also required. The first step in the development
of a neutron tomography system is to select and optimize
the neutron imaging. The second step is the prepara-
tion of the image data and subsequent calculation of the
3-D voxel array using one of the many reconstruction
techniques, such as filtered back-projection or an alge-
braic reconstruction algorithm [4]. Tomography image
visualization software that recombines the 2-D verti-
cal images into a 3-D image is commercially available
and is useful to analyze the 2-D image projections [5]
(Fig. 2).
ETRR-2 is an open pool type Material Testing Reac-
tor (MTR) that produces 22 MW of thermal power. The
reactor is cooled and moderated by light water. ETRR-
2 reached first criticality in 1997. Irradiation facilities
and beam tubes are installed at the reactor for research
purposes, as shown in Fig. 3. The neutron radiography
facility that utilizes one of these beam tubes was commis-
sioned in 1999; the facility uses static based film neutron
radiography [6].
The neutron radiography facility at ETRR-2 is being
upgraded from static based film (Nitrocellulose film
and Agfa Structurix D7 photographic film) neutron
Fig. 2. Principle of compray and neutron cross-sections.
radiography system into a dynamic neutron radiogra-
phy/tomography system based on scintillation screens
(ZnS (Ag)-6LiF) and a CCD-camera; the instrument was
commissioned in January 2013.
2.  Description  of  the  setup  for  neutron
tomography
The tomography setup was installed at the horizontal
access of the thermal column of the RPI, which is radial
with respect to the reactor core. The thermal column is
submerged into the water of the reactor tank. The column
consists of a divergent aluminium tube lined by 2-mm
of cadmium. The collimator is placed completely inside
the reactor tank. The collimator inlet has a diameter of
30 mm. A gamma ray filter is placed at the inlet of the
beam. The filter is separated from the beryllium reflector
(which is placed in one row around the core) by a 2-mm
water gap. The gamma filter is composed of lead and has
a thickness of 145 mm Fig. 4 [7]. The main character-
istics of the neutron beam at the irradiation position are
presented in Table 1.
Fig. 5 shows a schematic diagram of the installed
setup for a typical tomography system for which the
image is obtained by using neutron scintillation screens
(ZnS (Ag)-6LiF), a turntable object, a mirror, a cooled
CCD camera and a computer running Labview. For every
projection, the transmitted neutron intensity reaches the
scintillator screen and the generated light is reflected by
the mirror and recorded by the cooled CCD camera.
uted tomography.
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Fig. 3. ETRR-2 beam tubes [4].
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he mirror redirects the light path 90◦. To take the
ecessary number of projections, the object is gener-
lly turned at a constant step from 0◦ to 180◦ or 360◦.
he camera is a Pco.2000 CCD camera system: this
able 1
haracteristics of the neutron beam at ETRR-2.
ate intensity at beam
outlet
3.3 Sv/h at 13.3 MW thermal
hermal neutron flux
at nominal power
(22 MW)
1.5 × 107 n/cm2 s
ast neutron flux is at
nominal power
(22 MW)
1.6 × 106 n/cm2 s
/γ ratio 0.132 × 106 n cm−2 mR−1
d ratio 10
/D ratio 117
acility resolution 188 m (Agfa Stucturix D7)y facility geometric model.
system represents the most common detector system in
neutron tomography. The CCD camera has the follow-
ing characteristics: typically cooled to temperatures as
low as −50 ◦C to allow for long exposures (time range
from 5 s to 49 days), 2048 ×  2048 pixels of a size of
7.4 ×  7.4 m2, quantum efficiency of up to 55%, and
interfaced via an IEEE 1394 “firewire” connection to the
computer. This CCD setup is highly convenient because
it covers a broad range in both spatial and temporal
terms [8].
To minimize radiation damage in the CCD caused by
neutrons and gamma-rays, the camera captures the light
from the scintillator through a 45◦ mirror.
The camera and electronic components were shielded
to protect them against exposure from neutrons and
gamma rays. Boron carbide sheets were used to protect
the camera against neutrons. In the near future, heavy
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Fig. 5. Detection system in the NR/T cell at ETRR-2.
e NT imFig. 6. Control system of th
concrete bricks will be placed in front of the camera to
protect it against scattered gamma-ray radiations.
The camera box was aligned in the centre and perpen-
dicular to the neutron beam. The sample was placed in
front of the detector and moved by the translation stage to
the beam centre. At this position, stepwise images were
collected automatically at equidistant rotation angles
over 180◦ or 360◦ using the synchronization between
the detector and the motor controlling system (Fig. 6).
The software lab was used process the data of the
performed experiments to provide tomographic recons-
tructions, 3D visualizations and data analyses. The
software lab was equipped with computer and soft-
ware tools, such as ImageJ, Octopus and VGStudioMax
(Fig. 7).
3.  Data  acquisition  and  analysis3.1.  Beam  homogeneity
Images of an unpertrubated beam (without sam-
ple) were taken with an exposure time of 30 s, seeaging facility at ETRR-2.
Fig. 8. Some darker spots were observed, which did
not change with time. The position and intensity val-
ues of the darker spots remained constant over duration
of the experiments. The intensity in the spotted area was
approximately 15% less than the undisturbed area, as
shown in the histogram presented in Fig. 8. After nor-
malizing the images (division on the reference image)
the spotted structure disappeared completely.
3.2.  Spatial  resolution
The spatial resolution is defined as the minimum
distance between objects at which they can still be dis-
tinguished [9]. The spatial resolution was determined by
measuring the sharp edge of absorbing plate (0.5 mm Cd)
in direct contact with the detector plane.
Intensity profile through the edge was used to calcu-
late the MTF that gives the resolution at 10% contrast.
In this way, the spatial resolution was determined to
be 1.85 lp/mm or 0.27 mm. This result agrees well with
theoretical predictions of 0.20 mm or 2 times the pixel
W.  Abd el Bar et al. / Journal of Taibah University for Science 10 (2016) 195–204 199
he NT imaging facility at ETRR-2.
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Table 2
MTF @ 10% Blurring L/D
Horizontal 1.01 lp/mm 0.49 mm 204Fig. 7. The software lab of t
ize, where the effective pixel size of the detector is
.10 mm.
.3.  Beam  geometry
The collimation system installed between the source
nd the sample is of fundamental importance for the
maging quality that can be achieved with a specific
xperimental setup. The collimation system consists
f several apertures manufactured from high absorbing
aterials that are embedded in an evacuated beam tube.
he apertures increase along the beam propagation direc-
ion and hence define the beam path. The collimation is
efined by the size of the first aperture D  and the length
f the beam path L  from the first aperture to the sam-
le position. The ratio L/D  [10] is used to characterize
he collimation of a radiographic setup, as it is limiting
or the spatial radiographic image resolution that can be
chieved in the experiment. The higher the L/D  ratio, the
etter is the beam collimation. A typical L/D  value for
he design of neutron radiography facilities is 177. At a
efined L/D  ratio, each point of the sample will be pro-
ected onto the detector plane as a spot with a diameter
Fig. 8. Open beam image and plot of Vertical 0.88 lp/mm 0.56 mm 179
d  = l/(L/D), where l is the distance between the sample
and the detector [11].
For the measurement of the L/D  ratio, the geometrical
blurring of the Cd edge at a defined distance of 10 cm
from the detector was measured by using the procedure
shown in Fig. 9. The results for the horizontal and vertical
directions are presented in Table 2.
The mean value of the L/D  ratio of 192 of the imaging
beam line at the ETRR-2 is sufficient for high-resolution
radiography and tomography experiments (Fig. 10).
3.4.  Dynamic  radiographic  imagesThe diffusion mechanism of moisture in silica gel fil-
ter was studied and the capability of the dynamic neutron
radiography technique was measured to investigate the
the corresponding histogram.
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Fig. 9. Resolution determination. (a) Intensity profile through the edge. (b) Determined MTF for the measured edge. The resolution in line
pairs/millimetre (lp/mm) is determined at 10% contrast.
Fig. 10. Schematic representation of the geometry of a neutron radiographic experiment.
Fig. 11. (a) Real photograph of the silica gel filter. (b) Basic experimental setup at the NR facility for detecting the diffusion mechanism inside the
silica gel filter.
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Fig. 12. Surface plot for the moisture profile after 10, 15, 20 and 25 min.
202 W. Abd el Bar et al. / Journal of Taibah University for Science 10 (2016) 195–204Fig. 13. Real photograph of the couplent.
moisture transport and buffering capacity of the silica
gel filter (Fig. 11).
The filter was placed inside a stainless steel contain-
ment can with a 10-cm inlet can opening and a 5-cm
outlet can opening. The filter inner wall surface was
exposed to a stationary water vapour flow for 25 min.
The moisture generation was performed by increasing
the water temperature at a constant increment from
25 ◦C to 100 ◦C for 10 min, and the temperature was
maintained for over 15 min after the water reached vapor-
ization. The function of the stainless steel can is to save
water vapour and to allow the inner wall surface to
be exposed to moisture at a constant relative humidity
(RH).
The full data set was collected in 30 min with an
exposure time of 10 s/image. The resultant images were
insufficient to extract data, so the advanced image
processing algorithm of ImageJ software was used
(Fig. 12).
Fig. 14. Closed beam image (DF) open beam iFig. 15. NT image of couplent at 0◦ after normalization.
3.5.  Tomographic  images
For the performed tomographic measurement,
300 projections at a rotation of 360◦ were used
(1.2◦/projection) with an exposure time of 10 s/image.
In addition, 10 open beam images without the sample
(Flat fields) and 10 dark current images with closed beam
(Dark field) were taken. The full data set was collected
in 60 min (Fig. 13).
The full data set was collected in 2 h. The tomographic
reconstruction and visualization was performed on the
workstation at ETRR-2 by using Octopus and VGstudio
max software (Fig. 14–18).The quality of the tomographic investigation is suffi-
cient to observe very fine details of the sample structure.
mage (FF) NT image of couplent at 0◦.
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Fig. 16. Sinogram image.
Fig. 17. Neutron tomography slices.
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.  Conclusions
Neutron tomography is a powerful tool for non-
estructive investigations of the inner structure of a
road range of samples. The examples presented here
emonstrated the feasibility of performing neutron-
ased tomographic imaging using a CCD camera to
btain the high resolution and high dynamic range
equired to resolve features of different samples. The
ossibility of studying large and thick samples of metals
nd of geological materials within a reasonably short
ime enables neutron tomography to be a very attractive
ethod for addressing a large number of archaeological of the investigated sample.
problems. The technique is also useful for a wider variety
of industrial and practical problems. However, attention
must be paid to the possible neutron activation of the
samples, which should be calculated beforehand to pre-
vent problems with the radiation protection norms for
the transportation and storage of the samples.
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